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INTRODUCTION 

The standard review of resonances, symmetries, or the 
quark model which was a regular feature of international confer- 
ences over the past several years is now out of date. Many excel- 
lent reviews already available in the literature summarize the 
predictions of symmetry schemes and the quark model and their 
comparison with experiment. 1 Instead of rehashing this old 
material, this discussion s -arises the state of the art in a few 
words and concentrates on new applications and on questions of 
current interest. 

Internal symmetries are no longer fashionable in theoreti- 
cal physics and theorists tend to forget them in jumpting on such 
new bandwagons as the parton model and inclusive reactions. How - 
ever, symmetries are relevant to these new areas as well, and 
paradoxes can arise if they are not taken into account properly. 
Some examples will be presented. Sections I and II consider the 
parton model and inclusive reactions, respectively, Sec. III re- 
views the quark model, and Sets. IV and V discuss spectroscopy 
and the new exotic particles, being looked for at NAL. 

I. SYMMETRIES, QUARKS, ‘AND PARTONS 

The parton model2 has been extensively used in the analysis 
of deep-inelastic-scattering experiments. Quarks are candidates 
for partons, and analysis of these experiments has been proposed 
to determine whether partons have integral or fractional electric 
charge. 3.4 However, difficulties arise in application of the parton 
model to internal symmetries. 5 The discussion will begin with a 
simple “pedestrian” example of how the quark-parton model is 
used to make experimental predictions. We then discuss internal 
symmetries and difficulties. 

The difficulties discussed,here are intimately related to the 
“asymptopia paradox. ” Does scaling occur because asymptopia has 
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already been reached and no new physics can occur at higher 
energies? If quarks are produced at higher energies, this is new 
physics and the threshold energy provides a scale. Then is the 
scaling observed at present energies purely accidental? Many 
physicists worry about this question, but there are no convincing 
answers. The present discussion adds a few more worries and 
gives no answers. 

A. Inequalities Based on the Quark-Parton Model 

The suggestion that quarks are partons has been used to 
derive inequalities between various inelastic form factors. For 
example, Nachtmanne has shown that the ratio of the deep- 
inelastic electromagnetic form factors of the proton and.nkutron 
is limited by the values 4 and l/4 if only isospin symmetry is as- 
sumed and the values 4 and l/3 if SU(3) is assumed. A simple 
example shows how such inequalities result from the assumption 
that hadrons are made up of quarks and antiquarks. The quarks 
will be denoted by p, n, and A. The electric charges are 
Qp=+2/3, Qn= 

pi\ = -113* Nachtmann s inequalities are easily understood by con- 
strutting explicit quark models to give the limiting cases. The 
neutron and proton are members of the same isospin doublet. The 
limits in the quark model are obtained by finding the isospin 
doublets that have the maximum and minimum ratios of the square 
of the charge. These are just the quark doublet and the antiquark 
doublet, respectively, that give the ratios 4 and l/4. That is, 

(lb) 

No isodoublet can be constructed from quarks and antiquarks whose 
value of Q2(I =ti)/Q2(I =-4) is outside these limits. 

Quarl? models fo”l the nucleon can be constructed to give 
either the ratio (ia) or the ratio (lb) for the deep-inelastic form 
factor. The ratio (la) is given by a model in which a single 
“active” quark absorbs the photon and the nucleon also contains 
two spectator quarks coupled to isospin zero to give the correct 
isospin and baryon number, i. e., ratio (la) results when 
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IN,) = qa(qsqs)I,o~ 
where the subscripts a and s on the quark labels denote active and 
spectator. The ratio (lb) is obtained from a model in which an 
active antiquark absorbs the photon and the nucleon contains four 
spectator quarks coupled to isospin zero so that 

INb) = ~a(qsqsqsqa)I=o. (W 

The wave functions (2a) and (2b) have the maximum and 
minimum values (la) and (lb) for ratios of squared charge that can 
be obtained from any isodoublet made from quarks and antiquarks. 
Thus, Nachtmann’s inequality at the SU(2) level is clear. 

When SU(3) is considered, the wave functions (2) must also 
satisfy requirements of SU(3) symmetry; i. e., they must transform 
under SU(3) like a member of an octet. The wave function (2a) is 
pure octet,- since the two-quark state with zero isospin is classi- 
fied in the 3 representation of SU(3) while the active quark is in 
the 3 representation. The only isodoublet contained in the product 
3 X 3 is in an SU(3) octet. The wave function (2b), however, is not 
an SU(3J octet state. The four-quark state with I = 0, Y = 4/_3 is 
in the 6 representation of S_U(3Lwhile the antiquark is in the 3 rep- 
resentation. The product 6 X 3 contains two isodoublet states, one - 
in an octet and one in the 10 representation. The wave function 
(2b) contains components belonging to both representations. The 
octet state which is easily constructed with the aid of U-spin 
Clebsch-Gordan coefficients, is 

INg ) = J Ta(qaqsq#qs) ~I=o y=$l ’ J~Ta(qsqsqsA3) IIzi 12, r-i), 
I 

where q denotes a nonstrange quark. The ratio of the squared 
charge values for the active antiquark in the octet state (3a) is then 

Qg2(Is=t+) 

Qg2(IZ=-f) 
=2 2 

‘;QF t f%” 
= -* 

3 
(SW 

This is the Nachtmann SU(3) limit. Note that it depends on the 
presence of strange quark-antiquark pairs required by SU(3) in 
the wave function. 

B. G Parity and Isospin in the Parton Model 

Is the parton model compatible with conservation laws from 
such internal symmetries as G parity and isospin? To consider 
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this question we first examine a process in which the initial state 
is an eigenstate of G-e. g., the deep inelastic scattering on a pion 
by the isovector component of the vector current. This initial 
state has odd G parity. Therefore G conservation allows only 
multipion final states having an odd number of pions, as show.* in 
Fig. 1. Final states haying an even number of pions are forbidden. 

In the quark-parton model, the 
parton is not an eigenstate of G. If 

ODD G a single parton absorbs the incident 

000 NUMBER OF PlONS 
momentum and the final multipion 
state is produced by interactions be- 
tween the struck parton and other 

Fig. 1. Deep inelastic scat- partons, both even and odd numbers 
tering from G eigenstate. of pions can be produced. Thus a 

naive application of the parton model 
would seem to be incompatible with G conservation. 

Incorporating~ G parity in the parton model is straightforward 
elementary quantum mechanics. The initial and final states in the 
process are eigenstates of the conserved G parity, but the transi- 
tion is described in a model with intermediate states that are not 
eigenstates of G. Figure 2 indicates schematically how G conser- 
vation is included in the model. For each parton-model inter- 
mediate state that is not an eigenstate of G parity, there exists a 

G-conjugate intermediate state pro- 
duced by operating on the first inter- 
mediate state with the G operator, 

This conjugate state has the same 
Fig. 2. G consermtion with 
intermediate states that are 

space-time structure as #Fztrt but 

not G eigenstates. 
each parton is replaced by its G- 
conjugate antiparton. This inter- 
ference between the contributions 

from such pairs of G-conjugate intermediate states is crucial for 
incorporating G conservation in the parton model. The amplitudes 
from both intermediate states must be added coherently to give the 
transition amplitude for the final state. The two contributions 
give amplitudes haying the same magnitude for each final state; 
however, the two amplitudes add constructively for the allowed 
final states haying odd numbers of pions, while there is destructive 
interference and cancellation for the forbidden even numbers of 
pions. 

Suppose the interference between these two amplitudes is 
neglected as in the most naive application of the parton model. 
NonMnishing cross sections would be obtained for the forbidden 
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even-G states, while the cross sections for the allowed odd-G 
states would be in error by a factor of two because of the neglect 
of the constructive interference term. At very high energies at 
which large numbers of pions are produced, the probability for 
producing n pions should be a smooth function of n as indicated in 
Fig. 3, which shows both the true cross section sn for the produc- 
tion of n pions and the cross section calculated with the neglect of 

interference terms. In this case the 
neglect of the interference term does 
not introduce a serious error for 

Qn 
average properties or gross structure 
of the cross section-e.g.. for cal- 
culation of the total cross section, the 
average multiplicity, or the cross 

n section within a bin containing many 
Fig. 3. Cross section for values of n. The error is observed 
production of n-pion final only in the detailed fine structure, 
state. Open circles denote i. e., in the difference between the 
true cross section. Solid cross sections for producing 2n pions 
circles denote cross sec- and 2n t i pions. 
tions that would be calculat- Consider now the description 
,ed with neglect of interfer- of the total cross section as the imagi- 
ence. nary part of a forward-scattering 
amplitude as indicat;d,in Fig. 4. The parton model assumes an 

B impulse approximation in which the struck 
parton propagates freely in the intermediate 
state and then emits the final photon or 

In this simple picture the inter- 
mediate state is not an eigenstate of G. The 

section calculated in this way 
scattering from a pion apparently includes exclusive cross sections 
as a forward amplitude. to forbidden states, as if the interference 

between G-conjugate pairs of intermediate 
sta,tes were neglected. If the fine structure of the total cross 
section is described by the smooth variation of Fig. 3, only a neg- 
ligible error in the total cross section would result from neglecting 
interference terms. 

If there is a systematic difference between the calculated 
even and odd cross sections so that the averaging procedure of 
Fig. 3 does not give the proper total. cross section, it becomes 
necessary to take into account the interference terms indicated in 
Fig. 2. This could be done by suitably symmetrizing the inter- 
mediate states shown in Fig. 4-i. e., by choosing the G-parity 
eigenfunctions as a basis for intermediate states 

“* = i[ 1 f G]JI;;trt. (5) 
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If this basis is used for intermediate states, the total cross section 
includes contributions in which the incident lepton pair or photon 
is absorbed by one parton and the subsequent emission comes from 
its .G-conjugate parton in the G-conjugate wave function. Whether 
this symmetrization violates the spirit of the impulse approxima- 
tion is a matter of taste. However, this is a perfectly consistent 
procedure and may be relevant to cases in which one wishes to 
define a modified impulse approximation which has “manifest 
internal symmetry conservation” (analogous to manifest covariance) 
at all stages in the calculation. This point is discussed further in 
Sec. I C. 

A similar problem arises with isospin. Consider the deep 
inelastic scattering of an isoscalar current on a simple deuteron 
model which consists of a neutron and a proton. Since the deuteron 
has isospin zero, only states of isospin zero can be produced. 
However, a final state in which the proton has absorbed the momen- 
tum and the neutron has not is not an eigenstate of isospin. Isospin 
conservation is preserved by adding the contributions indicated in 
Figs. Sa and 5b coherently to give transitions only to properly 
symmetrized final states. 

5 

In the description of the total 
cross section as a forward amplitude, 

& asindicated in Fig. 6, manifest iso- 
spin invariance is consistent with the 
impulse approximation only if sym- 
metrized wave functions are used for 

Fig. 5. Deep inelastic scat- 
the intermediate states. In this sym- 

tering of isoscalar current 
metrized description, the photon is 

from deuteron. 
absorbed by a nucleon and emitted by 
a nucleon, but the active nucleon can 

be either a neutron or a proton and can change from one to another 
between the absorption and the emission. This charge change is 
necessary to preserve manifest isospin invariance. Whether it is 
consistent with the spirit of the impulse approximation is not clear 
and ia discussed below in Sec. I C. 

We thus conclude that there are two 
correct approaches to internal symmetries 
in the parton model: either forget about 
them, or treat them properly. But the two 
approaches should not be mixed by forgetting 
symmetri.es when doing the calculation and 
remembering them when interpreting the 

Fig. 6. Forward scat- the answer. In the G-parity example, for- 
tering of isoscalar getting symmetry is all right for total cross 
current by deuteron. sections and gross features of the pion 

multiplicity, but fine structure effects such 
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as the even-odd pion difference are lost. If such precise fine 
structure associated with internal symmetries is desired, then the 
internal symmetry must be treated properly. This involves co- 
herent addition or symmetrisation of amplitudes before they are 
squ-red to get cross sections. 

Note that the electric charge of a parton is an internal sym- 
metry quantum number and therefore the determination of the par- 
ton charge from analyses that do not properly take account of in- 
ternal symmetries can be risky.5 

C. Hidden Internal Symmetries 

Consider deep inelastic electron scattering on a deuteron 
in a world where all nuclei are made of deuterons and all low-lying 
nuclear states have isospin zero. Experiments below the thresh- 
old for producing states of nonsero isospin would not detect the 
presence of isospin, which would be a “hidden internal symmetry. ” 
Only the isoscalar component of the electromagnetic current could 
contribute to transitions between states of zero isospin. The iso- 
vector component would be undetectable in this energy range. 
Since an isoscalar probe cannot distinguish between a proton and a 
neutron, low-energy experiments could not distinguish between the 
two components of the deuteron. Inelastic scattering would show 
that a deuteron with electric charge tl was composed of two identi- 
cal spin-i objects which might be called nucleons, and that only the 
symmetric states of the two-nucleon system were observed. The - 
nucleon would thus app ear to be a spin-i particle with the fraction- 
al electric charge of i/Z and peculiar statistics. 

Only after the excitation of the first I = 1 states of the two- 
nucleon system would it become clear that the fractional charge 
and peculiar statistics simply masked the existence of an additional 
degree of freedom and of two kinds of nucleons, each having inte- 
gral charge. These are described as states of a single particle- 
the nucleon-by the formal introduction of a new internal degree of 
freedom and a new internal SU(2) symmetry, the isospin. The 
peculiar statistics reduce to ordinary Fermi statistics when the 
new internal degree of freedom is included, since states that are 
antisymmetric in isospin are required to be syrmnetric in the other 
degrees of freedom. 

Two important characteristics of this model underly its 
peculiar properties: (1) the binding energy of the two nucleons in 
the deuteron and (2) the symmetry energy which separates the I = 0 
and I = i states of the two nucleon system. These two energies are 
normally independent of one another. The peculiar properties of 
this model result from very high values of both the binding energy 
and the symmetry energy, for which condition there is a large range - 
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of experimental excitation energies below the thresholds of both 
deuteron breakup and excitation of I = 1 states. 

This deuteron model reminds one of the quark models for 
baryons, which has fractional charges and peculiar statistics. 
The Han-Nambu three-triplet model7 can give the same resulra 
with integral charges and ordinary Fermi statistics by introducing 
a new hidden degree of freedom and a hidden symmetry, in this 
case an SU(3) symmetry rather than SU(2). Again the low-lying 
states are all required to be singlets in the new internal symmetry; 
i.e., the symmetry energy must be high so that only singlet states 
are observed. As long as only singlet states in the internal sym- 
metry are observed, the different members of a given internal 
symmetry multiplet appear to be identical and have a fractional 
charge equal to the average charge of the members of the multiplet, 
just as in the deuteron model. States that are not singlets in the 
hidden SU(3) degree of freedom are sometimes called “charmed” 
states. Since these have not been observed, the symmetry energy 
is assumed to be above present accelerator energies to avoid dis- 
agreement with experiment. 

Thus we cannot distinguish between the Han-Nambu model 
and the quark model with fractional charges and peculiar statistics 
until the energy exceeds the binding energy so one can see the con- 
stituents directly or exceeds the symmetry energy so charmed 
states are excited. Even if the Gell-Mann-Zweig quark model is 
correct, the Han-Nambu model cannot be disproved until quarks or 
other fractionally-charged objects are actually observed. Con- 
versely, if the Han-Nambu model is correct, the Gell-Mann-Zweig 
quark model cannot’be disproved until either the symmetry energy 
or the binding energy is reached and the charmed states or the in- 
tegrally-charged triplets are observed. a 

We now return to the validity of the impulse approximation 
in the calculation of the total cross section by the diagram of Fig. 6. 
If the symmetry energy is zero or negligibly small, the I = 0 and 
I =~ 1 components of the intermediate states of Fig. 6 are degenerate. 
Then no error is introduced by using the states of the naive impulse 

. . . approximation, in which the active nucleon remains a neutron or 
remains a proton and does not change its charge in the intermediate 
state. If the symmetry energy is high, however, only the I = 0 
intermediate state should be used, and the naive impulse approxi- 
mation introduces an error. But a high symmetry energy defines, 
through the uncertainty principle; a short time which characterizes 
the exchange of charge between the two nucleons. s For photon 
energies below the symmetry energy, this “charge-exchange time” 
is short compared to the lifetime of the intermediate state, and one 
can say that the naive impulse approximation is not valid because 
the collision is not fast compared to characteristic times defined by 
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the bound state. However, the exact meaning of a modified im- 
pulse approximation using symmetrized intermediate states of 
defmite isospin is not clear. Simple models for two-nucleon 
systems with large symmetry energy require exchange forces that 
interchange proton and neutron. These are not represented clearly 
in the naive parton picture. 

D. Quarks and Partons 

Additional difficulties arise if quarks are assumed to be 
physical objects which have not yet been observed,simply because 
their mass is too high; e. g., they might have a mass of 50 GeV and 
be waiting for NAL. If these very heavy quarks exist and are very 
strongly bound in hadrons, how can scaling occur below the thresh- 
old for quark production and be described by a model in which 
quarks move quasi-freely even though they are very strongly bound? 
The various arguments and theorems connected with this point are 
beyond the scope of this review. I simply include some provocative 
remarks about the commonly used expression 

(P JF(x)4(0) JP ), (6) 

where p is a state of a proton at rest and $(x)$(O) is a bilocal opera- 
tor which appears formally to be connected with quark fields. n 
However, ii this operator creates physical quarks, one can prove 
that it cannot give any contribution to cross sections below the 
threshold for the production of fractionally-charged states. 

The catastrophe results from the following two assumptions 
which are natural if Jl(x) is a quark field that creates fractionally 
charged states. (1) The matrix element (6) can be evaluated by 
inserting a complete set of intermediate states between the two 4’s. 
That is, 

tp IijT(x)Jl(o) Ip) = C(p ITbd li)(i IWO IP). 

(2) The operators 4(x) aid ‘3;(x) satisfy commutation relations 
with the electric charge operator Q, namely 

[ Q, Tc41 = 4Gx). 

(7) 

[Q. 4’(x)] = 4’69, (W 

where q is a fraction, such as 113 or 2/3. 
Theorem: If assumptions (1) and (2) above are mlid, the 

time dependence of the matrix element (6) has no fourier compo- 
nents-below the frequency corresponding to the threshold energy 
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for the production of fractionally charged particles. 
Proof: The time dependence of the matrix element (6) is 

exhibited explicitly by writing 

(p JY$(;;, t)Jl(O, 0) Ip) = (p leiHtPG, O)eiHt’bJl(O, O)l p) (94 

Using Eq. (7), we obtain the Fourier transform of the time 
dependence. 

(PI~(~,t)*(O,O)Ip) = C(p(~(j;.O)li)(il~(O,O)IP)e 
-i(Ei-Ep)t/n 

. (9b) 
i 

From the co-utation relation (8b), it follows that 

(i/[Q.JIWl 1~) = [Qi - Qpl (i I+(x) Ip) = -q(i Idx) Ip). (10) 

Thus the matrix element (10) differs from zero only for intermedi- 
ate states i having the electric charge 

(11) 

Since q is fractional, only intermediate states of fractional charge 
can contribute to the sum on the right-hand side of (9b). The 
smallest Fourier component in this sum then comes from the least 
energetic fractional-charge state that satisfies Eq. (11) and has an 
energy above the threshold for producing fractionally charged 
particles. 

This theorem is clearly unaffected by interposing y matrices 
between the two spinors in expression (6) or including SU(3) indices 
and A matrices. 

We therefore conclude that if the Fourier transform of ex- 
pressions of the form (6) appear in theoretical relations for total 
cross sections for inclusive processes, and if assumptions (1) and 
(2) are valid, these expressions cannot contribute to the cross 
section below the threshold for production of fractionally charged 
particles. Assumptions (1) and (2) are very reasonable if the 
spinor field 4(x) is interpreted as being that of a physical particle, 
such as a quark, which has a third-integral charge. In this case, 
all derivations that take bilocal operators of the form (6) seriously 
are unable to explain scaling below the threshold for production of 
fractionally charged objects. 

This difficulty is avoided by saying that the relevant physi- 
cal quantity is a bilocal operator J(x, 0) and that there is no physi- 
cal meaning in the factorized expression10 

ax. oL= GXIHO). (1.3 
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The spinor fields G(x) are not interpreted as physical operators 
but merely as mathematical crutches that aid us in defining com- 
mutator s.. In that case, Eq. (7) does not hold and the theorem is 
not, valid. So far there is nothing obviously wrong with this point 
of view. 

However, if real quarks exist and will be found some day, 
our theorem shows that expressions of the form (6) have nothing to 
do with the scaling that is presently observed in electroproduction 
experiments below the quark-production threshold. 

II. INTERNAL SYMMETRIES AND INCLUSIVE REACTIONS 

The big band wagon of 1971 was inclusive reactions and 
multiparticle processes. 11 Here are two areas in which internal 
symmetries are relevant. 

A. Isospin and U-spin Relations in Inclusive Reactions 

Consider the inclusive reaction 

AtB-CIMtx, (13) 

where CIM denotes a set of states within the same isospin multiplet 
with isospin I, and M is the eigenvalue of I . Peshkinlz has shown 
that isospin invariance constrains the varla ion of the cross section - zt- 
QIM for the inclusive process (13) as a function of the index M. 
Peshkin’s theorem is the analog in isospin space of the statement in 
angular momentum space that an initial state containing only s and 
p waves cannot produce final-state angular distributions containing 
higher powers of cos 8 than cos20, 

The theorem states that if IpBax) is the maximum isospin 
present in the ini%iaP state, the inclusive cross section TIM can be 
written as a polynomial in M of degree 21ex). That is, 

(14) 

where the coefficients a 
9 

are undetermined parameters. Since 
the number of independen cross sections VIM is 21 t 1, and the 
number of free parameters aIn in the polynomial (14) is 21AB (max) t 1, 
the condition for obtaining nontrivial relations between cross sec- 
tions from Peshkin’s theorem is 

b-4 
‘C ’ ‘AB ’ (15) 
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For initial states having maximum isospin $-, nontrivial 
relations can be obtained for inclusive production of isovector 
particles. For initial states having maximum isospin 1, relations 
are ‘obtainable for inclusive 

P 
reduction 

With available beams IAB = 
of particles having I > 2 . 

z is obtained only by the use of isc - 
scalar targets-i. e., deuterons. With nucleon targets, only rela- 
tions for production of particles having I >, $ are obtained. 

Since isospin conservation is accepted in strong interactions, 
these relations test consistency of experimental data analysis; e.g. 
the treatment of deuteron data or of resonances and background. 
They can also test diffractive excitation models which assume ex- 
change only of issspin zero between beam and target.. In these 
models Eq. (14) holds separately in the fragmentation regions of A 
and B with Itmax) 
photoproduc I& processes also test the assumption that the photon e 

replaced by IA and IB respectively. Relations for 

has only isoscalar and isovector components. 
Relations obtained by a straightfoxward application of 

Peshkin’s theorem (14) are 

r(K*d - ntX) t r(Kfd -r-X) = 2u(K f d - n”X ), 

,(Kf d - ztX) t cr(hdd - C-X) = L&d -) c”x,, 

,(K* d - A,X) = a,, t atM, 

where a0 and a are unknown parameters, and 
I 

u( 2 N - A+X) t f&N - A-i) = ,(K*N -L AoX) 

(164 

(164 
Relations identical. to (i6a -d) are obtained for analogous reactions 
with b.eams of protans or antiprotons instead of kaons and also for 
fragmentation of kaons or nucleons in diffractive excitation models13. 
A relation for photoproduction or electroproduction of A’s is 

u(yd -A%) + f dyd - A-X) = a(yd - A”x) +fcr(yd - a’+x), (i6e) 

where the photon can also be virtual. All photoproduction relations 
in this paper also apply to electroproduction. 

The identical argument can be applied to U spin or V spin. 
We replace CIM by CUM or CVM, which denote a U spin or V spin 
multiplet. Here M is the eigenvalue of U, or Vz. Predictions then 
follow from U-spin or V-spin invariance-i. e., from SU(3) sym- 
metry. The degree to which they are satisfied experimentally may 
give some insight into SU(3) symmetry breaking. 
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Because the photon is a U-spin scalar, the U-spin analog of 
the condition (15) fou nontrivial relations is most easily satisfied 
in photoproduction on protons, for which the initial state has U = i. 
Hotiever, relations involving octet par$icl:s in the final state are 
not easily obtainable because the A, C , n , and q are not eigen- 
states of U spin and V spin. Thus, relations involving decuplet 
baryons are the ones most easily obtained. 14 These are 

U(YP - A’X) + ~(YP - z*Ox) = 2u(yp - Y*Ox), (174 

u(yp - {A’, Y*-, ~“-S2-}X) = a0 f aiM, (f7b) 

*:, 
=(Yn - Y*-X) t +u(yn - n-x) = u(yn - z X) +f(yn - A-X), (i7c) 

U(KfP - y*-X) t +Ktp - Q-x) = c(K*p -z *-X) - A-X), 

(174 

ucr*p 0 y*-X) t fs(nfp - Q-x) = +*p 0 X*-x) t f,(lffp - A-X). 

(174 

The same approach can be used for multiparticle inclusive 
processes. Equalities are not easily obtained because multiparticle 
states are not generally isospin eigenstates. However, useful in- 
equalities can be derived by noting that all observable cross sections 
are positive. Let cbf denote the sum of the cross sections for all 
states of the multiparticle system having a given value of M. Then 

QM H I uIM c 2 any one frIM, (18) 

and combining E qs . (14) and (18) leads to inequalities setting lower 
bounds on a given 6~. For example, in pion-nucleon inclusive pro- 
duction from initial states with I a gax) = i, Eqs . (14) and (18) give14 

c(K*d - n+rX) t u(K*d - r”pX) 2 f,cK’td - T&C) + $-(K*d - n-nW, 
(194 

u(K*d - n”nX) t a(K’d - u-~X) >, ;u(K*d -n-a + f a(K*d - T&X). 

(19b) 
The analogs of these equations apply also to nucleon and kaon frag- 
mentation in diffractive excitation models with zero isospin exchange. 
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k-4 For initial states with IAB = 1, e.g., in such reactions as 

K*tp-ntNtX, (204 

ptp-AtNtX, WW 

GP - nt N t X, (2Oc) 

ytd-rrtNtX, W-W 

the inequalities obtained are 

u(n+nx) + u(nOpX) 2 +rtpX) - u(n-nX)J, (214 

u(n’nX) t u(rr-pX) 2 + [ u(GK) - u(nfpX)l. Fib) 

Similarly, different charge states for any multiparticle 
inclusive process from an initial state with IpBax) = 1 are related 
by the inequality 

uM(I~~ax) = 1) >, (“2&y ) [%~ (~~:) -“-&q]* 

(22) 

where % is a particular value of M, m is any allowed value of M, 
and IM 1 < 1 f72 1 and Irn I < I3f.l I. The inequality (22) can be ap- 
plied to multipion inclusive processes, such as the two-pion 
reactions 

K* + p - “(kl) t w(k2) t X, (234 

PtP - n(ki) + dk2) + X, WW 

; + p - *(ki) f dk2) + x, t23c) 

Y+d - n(ki) + dk2) + X (234 

where the momenta ki and k2 distinguish between the two pions. 
From-these one obtains14 the inequalities 
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(max) 
=AB 

= 1) 2 &u, - us210 

h-1 
?(‘AB = 1) 2 i[io, - $r2], 

Q (1 (maxI 
0 AB 

= 1) >‘f[fu2 - 2ow210 

(ma4 v. (‘A B = 1) >, +J 
-2 - 251’ 

where for the case of the two-pion reactions (24), 

**2 
s cr(AB - nfafX), 

=* 1 
5 c(AB -) TT f0 

n X) + a(AB - nOTrkX), 

(244 

(24b) 

(24c) 

(2 54 

(2W 

(25~) 

(26 b) 

=0 E u(AB e n+n-X) + a(AB - n-n+X) t a(AB -e a”noX) (264 . 

The inequalities (22), (24) and (25) also hold for the multi- 
pion inclusive processes 

A+B-nn+X; IAmgaxL i, (27) 

where UM includes all the n-pion states of charge M. These in- 
equalities hold for any set of fixed values of the momenta of the 
outgoing particles. Thus in a given experiment they can be tested 
at each point in the energy spectrum and angular distribution. 

Note that the inequalities (20d) and (23d) could test for the 
presence of an isotensor component in the electromagnetic current. 
Equalities, such as Eq. (16e), that involve resonance production 
are. useless for such tests because ambiguities in separating 
resonances from background are always greater than the effect 
tested. Extensive tests of isospin properties of currents by in- 
equalities in exclusive reactions have been recently described by 
Pais. I5 

These model-independent relations follow from isospin and 
U-spin invariance, respectively, and will hold in any model, such 
as the Mueller-Regge model, I8 if the model does not violate isospin 
or SU(3) symmetry. Additional model-dependent symmetry rela- 
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tions have been obtained from particular models. These usually 
follow from assurrp!.ions that limit the quantum numbers in a parti- 
cular channel to those of allowed (nonexotic) Regge trajectories, or 
to be those of the .‘JmerOn in the case of a diffractive process. 

B. What is Exotic in Inclusive Reactions? 

Internal symmetry also plays a role in the discussion of 
what is exotic in an inclusive reaction. Extending the Harari - 
Freund conjecture l8 for duality in two-body reactions to inclusive 
cross sections suggests that processes “having exotic quantum 
numbers should be constant or show limiting behavior; i. e., the 
contributions of secondary Regge trajectories should cancel one 
another. But which combination of the quantum numbers of a three- 
particle system should be used to define exotic? Various combina- 
tions have been suggested. Ghan et al. Is first suggested that an in- -- 
elusive process should be considered exotic whenever,the quantum 
numbers of the complex (ABC) are exotic. This has been followed 
by the group at Stony Brook and can be called the Stony Brook party 
line. Suggestions that the Stony Brook party line has internal in- 
consistencies20 -22 have led to alternative criteria which could be 
called the CERN, 20 Berkeley, z9 and MIT24 party lines. Without 
considering the merits of each individual criterion, I wish to point 
out the close relation between internal symmetries and the alleged 
inconsistencies in the original Chan criterion. A clear contradic- 
tion cannot be found without applying the criterion to hypothetical 
results of “gedanken experiments” involving q, $, or hyperon 
beams or meson or hyperon targets and relating these to observable 
experiments by SU(3) or factorization. 21 Such arguments would 
break down if the results of these experiments violate SU(3) or 
factorization in a violent and unexp’ected way. Although this does 
not seem very reasonable, it is still an open loophole. 

This point has been illustrated in the example of the 
reactions2z 

K* t N - nT t X, (284 

for which experimental data are available. a* Consider the region 
in which the pion is a fragment of the kaon. In the standard Mueller 
formalism, l6 the inclusive cross section is given by the amplitude 
for the six point function 

CIcf t n’) t N -’ {K* t rr’) t N, (28b) 

where the braces indicate that in the fragmentation region of the 
kaon, Regge-pole exchanges are considered between the nucleon 
and the Kn complex, as shown in Fig. 7. The Regge trajectories 
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K f Ki 
considered in addition to the 
Pomeron are the usual isoscalar 
and isovector trajectories with 

M . 
N X 

nZ 

33 

rf even and odd signature, charac- 
pwA2fo terized by the quantum numbers of 

Y N P, w, A2, and fo. In the four dif- 
ferent charge states of reaction 

Fig. 7. The inclusive reaction 
K*N - Irix. 

(28), the three-particle system in 
Eq. (28b) is exotic by Ghan’s 
criterion in three cases, namely, 

K+rr+p exotic 

Ktvtn exotic 

K-r-n exotic. 

(2%) 

(29W 

(29~) 

The fourth case,which is not exotic, is 

K-T-2 not exotic. (294 

Chan et al. 1@ then require the couplings of the four trajectories to -- 
the Kn system and the nucleon to be adjusted so that their contribu- 
tions cancel in the three exotic cases (29a), (29b) and (29~) but add 
constructively in the nonexotic case (29d). This is achieved by 
making all four contributions equal in magnitude and adjusting 
phases to add in the nonexotic case (29d). Since the three exotic 
cases are obtained from (29b) by reversing either signature or iso- 
spin or both, each of the three cases has two positive and two nega- 
tive equal contributions and they all vanish. 

So far there are no problems. Difficulties arise when we 
attempt to apply the same criterion to include the entire baryon 
octet and not just the nucleon. 
and K’r’g’ 

The K-lr-E-, K-n-C’, K-n-z-, 
states are all exotic, but the nucleon case is related to 

these‘other baryons by the SU(3) sum rulez7 

A(p) - ,A(n) - A(=-) t A(=‘) = A(E’) - A(C-) = )[A(Z’) - A@-)] 
(36) 

where A(B) is the amplitude for the K-n-B case. Thus A(p) must 
vanish if A&-), AiC’), A(=-) and A(=‘) vanish, and SU(3) kills the 
good result for the nucleon case. 

The good nucleon result can be kept while making Regge 
contributions cancel for all exotic kaon-pion-hyperon combinations 
only at the price of introducing couplings that strongly violate SU(3) 
between the Regge :rajectories and the baryon octet. Although this 
seems unreasonable, there is still no experimental evidence for the 
coupling of these trajectories to strange baryons and the possibility 
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exists that they may violate SU(3) in this violent fashion. 
Difficulties aiso arise 25 if the same criterion is used with 

meson targets. The K-n-x’ state is exotic, and the p, 
do ,not couple to the no. 

0, and A2 
Only the P contribution remains, and it 

must decouple from the Kn system. But the p, o, and A2 contribu- 
tions are required to be equal to the fs contribution in the nonexotic 
nucleon case (29d). Thus if A(n’) = 0, A(p) = 0 and the good nucleon 
result is killed by factorization. 

This case is an example of an “exotic fragmentation vertex:’ 
i. e., the K*v~ system has exotic quantum numbers. Similar diffi- 
culties have been pointed out 21 for the case in which the exotic 
fragmentation vertex is a meson-baryon system rather than two 
mesons. Again the Chan criterion leads to difficulties, but only if 
SU(3) is assumed for processes that have not yet been observed in 
the laboratory. 

One attempt to preserve the Chan criterion has been the 
suggestion that all secondary trajectories are decoupled whenever 
the fragmentation vertex is exotic-e. g. that none of the reactions 
(29) have contributions from the secondary Regge trajectories. 22 
In that case the cross sections for the two cases (29a) and (29d) 
should be equal because they are all represented by Pomeron ex- 
change, which has even signature and is isoscaler. However, ex- 
pe rimental ,dataae indicate that they are not equal. The cross 
section for case (29d) is twice that for (29a). Hence the suggestion 
that secondary Regge trajectories cancel whenever the fragmenta- 
tion vertex is exotic, regardless of whether the three-particle 
system is exotic, seems to be excluded by experiment.25 However, 
the choice between the Stony Brook, CERN, Berkeley, and M.I. T. 
party lines is still open, and whether any one of them is right or 
all are wrong can be settled only by more experiments. 

III. THE QUARK MODEL 

The quark model continues to give a good and puzzling de- 
scription of many regularities of hadron dynamics. 1,z8 Nobody 
understands why the quark model works as well as it does, but no- 
body can convincingly dismiss all of the successes of the quark 
model as being completely accidental. 

A. Successful Predictions of the Quark Model 

The successes of the quark model are conveniently classi- 
fied under the headings of (1) symmetry, (2) spectroscopy, (3) exo- 
ticity, and (4) universality. 

1. Symmetry. The quark-triplet representation of SU(3) 
furnishes a convenient basis for SU(3) symmetry. The assumption 
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that quarks are universal building blocks leads naturally to SU(3), 
not only as a strong-interaction symmetry for the classification of 
hadrons but also as &he algebra of the weak-interaction charges, 
and also gives the observed simple transformation properties of 
the electromagnetic current under SU(3). z8 People who dislikt 
quarks say that it is possible to have SU(3) without them. But no 
other theory or model explains why the same mysterious SU(3) 
group appears evgrrJvhere in strong, electromagnetic, and weak 
interactions. There are also the higher symmetries such as ~(6)~ 
which are very difficult to explain without some kind of quark struc- 
ture. 

2. Spectroscopy. The predictions of the quantum numbers 
of the lowest -lying states for both baryons and mesons are an im- 
portant success of the quark model. The spins and parities O-, l-, 
it, and 2 At of the Lowest states are usually taken for granted. How- 
ever, the odd parity of the low-lying mesons and their spins of 0 
and 1 are difficult to obtain otherwise but arise naturally from the 
assumption that they are composed of fermions and antifermions in 
an 9 state. The $* and it baryon states are also difficult to obtain 
otherwise29 but avise naturally from three spin-i objects. 

3. Exoticity. A very large number of the successes of the 
quark model can be summed up by a general requirement of “ab- 
sence of exotics. ” The quark model gives a few very simple rules 
defining what is exotic. Baryons are postulated to be made of three 
quarks. Mesons are postulated to made of quark-antiquark pairs. 
Weak, electromagnetic, and strong couplings or transitions are 
postulated to be su~ms of single-quark couplings or transition am- 
plitudes. All other states, couplings, and transitions that do not 
fit these postulates are called exotic. The principle that “every- 
thing exotic is forbidden” leads to a remarkable number of success- 
ful experimental predictions. The postulates cannot be justified 
from any detailed model. There are no satisfactory answers to 
such questions as why four quarks are not bound more strongly than 
three or why something that looks like the impulse approximation 
should be valid for couplings and transitions. Yet from these pos- 
tulates follow a large number of successful predictions and an ex- 
planation of the systematics of the experimental data, and these 
can hardly be accidental. The existence of the magic number 3 in 
baryon spectroscopy, limiting the maximum isospin to 2 and the 
maximum strangeness to -3 is one particular striking example, 3O 
Thus there seems to be some validity in the quark-model exoticity 
rules, even if we do not understand where they come from. 

Many other apparently disconnected predictions of the quark 
model can also be considered as absence of exotics. For example, 
the AS = AQ rule in semi-leptonic weak interactions follows from 
the assumption that there are no exotic weak currents-i. e., no 
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currents involving transitions of more than a single quark in a 
bar yon. Similarly, the absence o.f an isotensor electromagnetic 
current is simply the vanishing of another-.exotic coupling. The re- 
quitement that A photoproduction be pure Ml is again a statement 
of the absence of an exotic amplitude. The E2 or L2 amplitudes 
normally allowed #or a transition between a 2 rt and a 2 3+ state are 
forbidden for transitions between two it states. They are there- 
fore exotic because they require transitions by more than a single 
spin-$ quark. 

4. Universality Rules. The quark model goes beyond the 
symmetry schemes in giving relations between properties of 
mesons and properiies of baryons. The most striking of these re- 
lations have been for the ratios of meson-baryon to baryon-baryon 
total cross sections. =l- =* Although there is no direct relation 
between the quark model and Regge theory, quark-model predic- 
tions are conveniently stated with the use of a Regge picture to 
label amplitudes having definite t-channel quantum numbers. =a, 36 
The quark,-model predictions state that each trajectory is univers- 
ally coupled to all hadrons and that the coupling constants are given 
by a quark-counting recipe that includes a weighting factor depend- 
ing on the trajectory and on the internal quantum numbers of the 
quark. The p trajectory is coupled to the isospin, the o trajectory 
to the baryon number of nonstrange quarks, etc. 

B. Universality Predictions and Serpukhov Data 

It is interesting to review universality predictions in the 
light of present data, including the new total cross sections from 
Serpukhov. 37 The w and p universality relationsa7*s% se hold up 
extremely well up through Serpukhov energies,=43 =Q as shown in 
Fig. 8. Because Serpukhov data for negative particles on liquid 
deuterim40 are not yet available, we choose the linear combina- 
tion of p and w universality relations which require data only from 
proton targets. 34 The result is 

6~) - O(W) = 3[ dK-p) - cd-p)] - [ a(~-p) - cr$p)]. (31) 

The data and the lines through them have been taken directly from 
the Serpukhov paper and have been used to predic. the total-cross- 
section differences r(?;p) - I and,c(K-n) - o(K n). The first is 
seen from Fig. 8 to be in remarkable agreement with experiment. 
The second is a prediction which will be tested by new data for 
kaons on deuterium. 40 

It is particularly interesting that the Serpukhov data show a 
very different energy decrease for the’ pion-nucleon and kaon- 
nucleon cross-secrian differences, a pattern suggesting that the w 
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Fig. 8. Experimental tests and predictions from’p-o universality. 
The data and the straight-line fits to the data are from Ref. 37. 
The 

$ 
oints and solid lines are for Ar(rtp) = ktot(n-p) - rtot(n+p), 

A~(P P) = qot(Pp) - ~tot(ppL and Au(K*p) = utot(K-p) - utot(Kfp). 
The long-dashed line represents 3[ trtot(K-p) - utot(Ktp)]. Crosses 
(x). give Au(p*p) as predicted from Eq. (31). The short-dashed 
line gives the prediction for Au(K*n) = utot(K-n) - utot(Kfn). 

and p trajectories have very different intercepts. Despite these 
differences, the fit to the universality relation (31) indicates that 
the quark-model universal couplings are still valid for each tra- 
jectory. The validity’of universality despite the difference in 
energy behavior will have a dramatic test in the kaon-neutron cross 
sections since the prediction obtained from the pion-proton and 
kaon-proton cross sections by use of p universality leads to the 
peculiar curve shown in Fig. 8, in which the kaon-neutron differ- 
ence should actually cross the pion-nucleon difference somewhere 
in the Serpukhov energy range. 
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It has been suggested that the p and w poles are still ex- 
change degenerate and that the decrease with energy of the pion- 
nucleon cross section difference is due to an additional contribution 
from a p-Pomeron cut. 41 Such an explanation would still be con- 
sistent with the predictions of FiZ. 8 within experimental errors 
because the ratio of the couplings between a p-Pomeron cut and 
pions and kaons would be approximately equal to the ratio of the 
couplings of the p pole [even including SU(3) breaking in the 
Pomeron coupling to pions and kaons gives an effect that is buried 
in the experimental errors] and the p contribution for the nucleon- 
nucleon case is too small to be sensitive to any deviation due to the 
cut, 

It is intere&;ag that these relations that involve only ampli- 
tudes with odd-signature exchange in the t channel are fitted by -- 
straight lines going through the lower-energy and Serpukhov-energy 
regions. They do not show the change in energy behavior seen, for 
example, in the K&p and pp total cross sections. This change is 
shown most dramatically (Fig. 9) in a plot of a(K’p) vs u(pp) with 
the points taken at the same value of nab. This plot was originally 
published42 to show that below 20 GeV the cross section u(K’p) is 
constant while u(pp) is definitely decreasing, in contrast to the 
hand-waving dualitv statements that both cross sections should be 
constant because both channels are free of s-channel resonances. 43 
Figure 9 shows this plot with the Serpukhov points added, and the 
difference is dramatic. Above 20 GeV, one sees that u(pp) suddenly 
becomes constant while u(Ktp) suddenly begins to increase, as re- 
flected by the knee in the curve. This difference in their energy 
dependence suggests that very different dynamics may underly the 
even- and odd-signature amplitudes, whether or not the quark 
model is correct. This would be the case if the peculiar energy 
dependence can all be blamed on the Pomeron contributions. 

The even-signature universality, which predicts the Levin- 
F rankfurt31 ratio of 4 for nucleon-nucleon to pion-nucleon cross 
sections, is not in as good agreement with experiment as the odd- 
signature predictions. There is a consistent discrepancy of about 
20% over the entire energy range, the baryon cross section being 
larger than predicted. So far there is no satisfactory explanation 
of this deviation, &though one might expect odd-signature rela- 
tions to be better satisfied than even-signature relations because 
the odd-signature amplitudes are coupled to conserved quantities 
such as baryon number, isospin, and hypercharge. 28g2Q*35 Thus 
in models that contain seas of quark-antiquark pairs in addition to 
the three valence quarks or single quark-antiquark pair, the added 
pairs affect the quark counting for even-signature amplitudes but 
not for odd-signature ones. 
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Fig. 9. Plot of u totWP) vs Qtot(PP) l 
Serpukhov points from Ref. 

37 are added to the plot given in Ref. 42. 

The Levin-Frankfurt ratio comes from the even-signature 
isoscalar exchange amplitudes and has contributions from both the 
Pomeron and f * trajectories. It is therefore tempting to examine 
the energy dependence of this ratio to see whether the discrepancy 
can be blamed on cne of these two trajectories while the other fol- 
lows the quark-model rule. Such attempts do not work and indicate 
that a deviation of 20% in favor of the baryon couplings is present 
in both the Pomeron and fa couplings. 
witxpicture in whichoth the f * 

This would be consistent 
and Pomeron couplings are de- 

termined by the same quark-counting recipe and the discrepancy 
from the simple quark-model result is due to the presence of addi- 
tional quark-antiquark pairs. It would also arise in models of f 
meson dominance of the pomeron.44 
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C. Symmetry Relations for Production of Neutral Hyperons and 
Vector Mesons 

Among the quark-model relations for scattering amplitudes 
are a series of predictions for neutral-hyperon and vector-meson 
production with strangeness exchange. 45-47 These have the 
peculiar property that some of the quark-model predictions are in 
very good agreement with experiment while others are in striking 
disagreement. 48s 44 The ratio of p to o production agrees with 
theory while the production ratios A/Z and C/Y*(l385) are in 
strong disagreement with experiment. However, predictions re- 
lating the vector meson polarization density matrices in reactions 
where they are produced with A, Z, and Y’ agree with experi- 
ment.40 The same predictions are obtained without quarks in a 
model involving octet-meson exchanges and the use of SU(3) and 
SU(6) symmetries in relating different couplings.47 One possible 
explanation of the discrepancy has been the suggestion of configura- 
tion mixing in the baryon octet50 -namely that there is a certain 
small admixture of decuplet analogous to the d-wave admixture in 
the deuteron. 51,s 2 

Using the conventional mixing-angle formalism, we can 
write the physical C as a linear combination of singlet and octet 
components, 5* namely 

(324 

Since the mixing is expected to be small, we can try to treat it by 
first-order perturbation theory. This gives 

V so@=-- 150-200 
AE iooo 

= 0.15-0.20, Wb) 

where V is the SU(3)-breaking interaction, estimated as 150-200 
MeV from the mass splittings in the baryon octet, and AE is the 
mass difference between the [Cg) and the IIZio>. The IXiO) is 
assumed to be in the lowest J = 4’ decuplet, i. e., the decuplet con- 
taining the A(l9iO), so we take AZ = 1000 MeV. 

The mixing (32) of 15 -20% in amplitude or 2-4s in proba- 
bility is sufficiently small to have been unnoticed until now. This 
mixing will produce a deviation 6~ from the Gell-Mann-Okubo mass 
formula, and calculation by s econd-order perturbation theory gives 

6X = V2/AE = 22. S-40 MeV. (334 

From SU(3), the mixing angle and the mass shift for the Z are the 
same as for the E, while the A and nucleon are not mixed because 
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there are no state; in a decuplet to mix with them. This compares 
very well with the experimental value 

6 
exp 

= 3Mn7 Mzo - 2Mn - .2M,, = 30.7 MeV. 
Z (33b) 

Although this rough calculation cannot be taken too serious- 
ly, it indicates that mixtures of is-20% in amplitude are quite 
reasonable, and suggests looking for experiments that can reveal 
the presence of mixing. The obvious places to look are phenomena 
for which the dominant octet contribution is suppressed or forbid- 
den, so that the sru\ aIler decuplet contribution can be seen. This is 
the case inC production by strangeness exchange, and may account 
for the observed discrepancy. Quantitative tests of this explanation 
are difficult, since there are too many unknown quantities-e. g., 
the matrix element of the transition to the decuplet component. 

c-. Zeneral Theoretical Remarks 

As the new accelerator at NAL begins to go into operation 
and there are many thoughts about searching for quarks, it is well 
to recall that all of the good predictions of the quark model are 
also obtained from the three-triplet model of Han and Nambu. 7 
This model avoids three difficulties of the standard quark model at 
the price of postulating the existence of states in addition to quarks 
that have not been observed. The three advantages of the model 
are (I) no need for fractionally-charged particles, (2) no need for 
peculiar statistics to obtain a baryon wave function that is sym- 
metric both in space and also in SU(~), and (3) a natural mechanism 
for the saturation of the baryons at three quarks by postulating 
strong binding only in the totally symmetric state. Whether the se 
three advantages outweigh the disadvantage of postulating many ad- 
ditional unobserved states is a matter of taste. However, it is 
certainly not obvious that the three-triplet model is more un- 
reasonable than the quark model. 

With all the successes of the quark model, there has been 
no progress in the theoretical attempt to justify the quark model 
from first principle 9. All the conventional hand-waving arguments 
against the naive model with slow nonrelativistic motion despite 
strong binding dan be countered by equally convincing hand-waving 
arguments. 28-4J H owever, it is not sensible to try to construct a 
quark theory from first principles ‘because so many properties of 
the quarks are not known a priori. Consider, for example, the 
following questions. 
i. What is the quglrk mass? 
2. How many quark triplets are there? 
3. What is the spin of the quark? 
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4. 

65: 

7. 

8. 

9. 

10. 

11. 
12. 

13. 
14. 

15. 
16. 

17. 

What are the electric charges of the quarks? 
What are the statistics of the quark? 
What kind of equation should be used to describe quark dynamics, 
e. g., .Bethe-Sa .eter, Dirac with self-consistent potential, or 
‘what’? 
Which approximation methods should be used in solving the 
dynamical equati ens? 
What is the average potential determining the hadron wave 
function? 
What is the basic quark-quark interaction (e. g., four-vector or 
world- scalar) ‘. 
Are hadron wave lunctions nearly pure quark-antiquark or 
three-quark ot can there be a large sea of additional quark- 
antiquark pairs e. g., partons)? 
What is the quark-quark scattering amplitude? 
What is the relation between hadron-hadron scattering and the 
quark-quark scattering amplitude ? 
What is the eleczomagnetic form factor of the quark? 
What is the relation between the quark form factor and the 
electromagnetic coupling to a hadron? 
What are the weak form factors of the quarks? 
What is the relation between the quark form factors and weak 
hadron form factors ? 
What is the relation between strong three-point vertex functions 
and quark structure? 

These seventeen questions and many others must be answer- 
ed in at least one of two possible ways before one can embark on a 
well defined program for quark-model calculations from first 
principles. This means choosing one out of more than seventeen 
different models, each of which has equal a priori probability of 
being correct. 
less than <2-17 

The particular model chosen thus has a probability 
of being the correct one. This is not an attractive 

research program. 
The fruitful approach is to avoid asking these questions and 

to use the quark model only for general hadron properties which do 
not depend on the detailed answers to such que &ions. 

IV. RESONANCE SPECTROSCOPY 

The most significant development in resonance spectroscopy 
over the past year has been that theorists now no longer feel the 
need to dream up new and even crazier explanations for the A2 
splitting. 53 However, many interesting questions of resonance 
spectroscopy remain open and require attention from both theorists 
and experimentalists. 
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A.. The Vector Mesons 

Many unresol.eJed questions remain in the spectrum of the 
lowest lying even-parity bosons. There is the question of whether 
all the states pre&c&d by the quirk model with p-wave orbital ex- 
citation are really tirhere, and there are the usual controversies 
concerning the it Mesons involving the existence of the A 1 and the 
existence and structure of the Q bump. There are also the ques- 
tions of the decay maies of the it states, for which both s- and d- 
wave decays are possible and for which both seem to be present but 
not in the mixture predicted by the most naive applications of the 
quark model. s4 

B. Quark Model vs Daughter Trajectories 

There is atso the question of whether there exist meson 
resonances29 that ace not predicted by the qtiark model but are pre- 
dicted by Regge-pale models having daughter trajectories,55 e. g., 
the Veneziano model. 56 The Ot state degenerate with the p and o 
fits the daughter-trajectory models and is not inconsistent with the 
quark model although the degeneracy can only be viewed as a 
peculiar accident. zg The real test comes with the i-(p’) and Ot 
states which daughter-trajectory models predict to be degenerate 
with the f’. These would not be easily explained in the quark model. 
So far there is no c;ridence for the p’ but there seems to be evidence 
for a Of s-wave HIT resonances7 degenerate with the f”. 

The recer,t observation of the s-wave resonances7 under the 
f ’ has an additional peculiar feature. The angular distribution of 
the decay pions shows strong forward and backward peaks but a 
very flat angular distribution between them. The secondary peak in 
-the equatorial region, which would be present in a d-wave decay, 
seems to be exactly canceled by the s-wave component. If this 
effect, is systemati c and not a result of the peculiar kinematics of a 
particular experiment, it raises not only the question of the exist- 
ende of the s-wave resonance degenerate with the f” but also the 
additional question of why the two resonances should be produced 
with just the exact mixture, including phase, so that the s wave 
cancels the intermediate peak in the d wave. 

A simple quark-model description of nn scattering58 gives 
just this angular distribution in a straightforward way with no free 
parameters. In the center-of-mass system, with the incident 
momenta in the z direction, the resonant state is assumed to be a 
quark-antiquark pair in a p wave and in the triplet spin state. If 
both Lz and Sz are conserved in the resonance production process, 
as is commonly assumed in the quark model, the resonant state has 
L = l,- s = 1, Lz = s, = 0. This is a coherent mixture of J = 0 and 
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4 
J = 2, which decays ctith a cos 8 angular distribution, according to 
the standard quark-model prescription. 54 However, this model 
assumes that the 0” resonance is degenerate with the f” and the re - 
fore leaves no explanation for the Ot state degenerate with the p. 
Further experimental investigation of this regularity would be of 
interest, as would a search for similar effects in the angular dis- 
tribution of the two pions emitted in the decay of the g meson. 

C. Nucleon-Antinucleon Annihilation 

Additional experimental evidence for possible new inter- 
esting structures in boson spectroscopy have come from studies of 
nucleon-antinucleon annihilation. The natural-parity states studied 
in two-meson channels, and particularly the peculiarities of the two- 
kaon final states, s a indicate coherent production of degenerate iso- 
scalar and isovecZe: states. The absence of the KtKi final state 
while the KiKz continues to be observed up to energies at which 
many partial waves are present indicate that only odd-parity states 
contribute to the Kazo final state. However, the pronounced for- 
ward-backward asymmetry observed in the K+K- final state indi- 
cates that both even: and odd-parity contributions are present in 
the charged mode. ‘Phe absence of even-parity contributions in the 
neutral final state can come only from cancellation of isoscalar and 
isovector contributions in the particular even-parity partial waves 
that contribute to the charged final state. 

It has also been suggested that nucleon-antinucleon annihila- 
tion is dominated by the Regge recurrences of the pion. This 
would show up in multiparticle final states and suggest that states 
with odd numbers of pions should dominate over states with even 
numbers of pions, which have the wrong G parity to be produced by 
the Regge recurrences of the pion. 

Further evidence for peculiar coherence effects between 
the isoscalar and isovector amplitudes in proton-antiproton annihi- 
lation come from the experimental observations of strong p-w inter- 
ference in various final states containing only pions. 6 l Such inter- 
ference involves states of opposite G parity and therefore can come 
only from the isoscalar and isovector components of the initial 
state. 

Interesting structure in the nucleon-antinucleon system is 
also indicated by phenomena observed in annihilation at rest and at 
low energies in deuterium. These have been interpreted as a pos- 
sible resonance below the nucleon-antinucleon annihilation thresh- 
old. =2 

D. Baryon Spectroscopy 

Baryon spectroscopy continues to be consistent with various 
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SU(3) predictions and with the quark model, with no conclusive 
evidence in those geeas in which different versions of the quark 
model would give different predictions. s.3 

V. WHY SZARCH FOR EXOTIC PARTICLES? 

This last section summarizes remarks at a recent NAL 
seminar given to provide theoretical background for a discussion 
of the various particle-search proposals presented to NAL. The 
best answer to the question: “Why search for new particles?” is 
“Why not ? I’ The relevant question is not why but how and.what to 
search for. As one goes through the suggestions to look for quarks, 
monopoles, vector bosons, heavy leptons, tachyons, Q and partons, 
one might wonder whether there is not a much more exciting new 
kind of particle waiting to be discovered at NAL but not in any pro- 
posal because the theorists have not yet thought of it. How to find 
such a particle is left as an exercise for the reader-with no con- 
structive suggestions other than to keep an open mind and avoid 
being brainwashed by theoretical arguments, including this one. 

The objects of searches proposed today are widely different 
and have different theoretical motivations. Their one common de- 
nominator is that all theoretical motintions are weak and the 
probability that,any one of the particles will be found is rather 
small. As guide lines for evaluation of particle searches let us 
consider two examples. 

1. The search for the S2’. At the time the existence of the 
51- was proposed, it was considered a wild speculation by the 
theoretical establishment. However, it was a well-defined pre- 
diction. There was a well-defined symmetry which had had certain 
successes and which predicted that this particle should exist, giving 
its mass as well as its quantum numbers, and these predictions 
suggested reactions in which it might be produced and gave rough 
estimates of cross sections (which might be off by one or two orders 
of mignitude). The finding of the a2- was certainly a great mile- 
stone in the establishment of SU(3) symmetry. However, failure 
to find the a’ after a considerable period of search would have been 
a fairly decisive blow to SU(3) symmetry. Thus the 51- was an ideal 
subject for a search. A positive result was reasonably exciting but 
a negative result would also have important significance. 

2. A search for a neutral boson with a mass near the pion 
mass, coupled only to strange baryons and decaying only into five 
photons. This is a particle I invented for this discussion; it has no 
deeper theoretical background. However, there is no good evidence 
against the existence of such a particle. The purpose of this ex- 
ample is to point cut that the existence of many kinds of exotic par- 
ticles can be proposed without contradicting present experimental 
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evidence but also without any theoretical motivation whatsoever. 
The most exciting possibilities awaiting discovery at NAL may be 
just of this type --namely, those for whose existence no theorist 
has yet discovered a reason. The pr’oblem is not whether to look 
for such particles but how. The present example shows that it is 
fairly easy to dream u=million different particles, each re- 
quiring a differen: -pensive experimental technique for a search 
and each equally plausible on theoretical grounds. We cannot 
search for all of them; yet one of them may be there. How do we 
decide what to do? 

All of the ewarnples under serious consideration at NAL fall 
somewhere between the two cases discussed above. They are not 
as well defined as the S2-, but they also have somewhat more theo- 
retical justification than the ad hoc boson. However, none of them 
is sufficiently well defined to make a negative result in any experi- 
ment conclusive proof against their existence. A negative result 
can only say that a particular experiment is not the right way to 
look for the particle and cannot indicate whether or not they may be 
found in some other experiment. 

As an example of the difficulty that plagues all these 
searches, consider the mass of the quark. Suppose a theorist who 
believes in quarks were asked for an estimate of the quark mass 
with error bars. The only honest answer would be 

MQ =tdfCO, (34) 

The simple reason for this ridiculous result is not widely appre- 
ciated. The quark mass has a lower bound because quarks have not 
yet been seen, and in any case the m ss must be positive. There 
is no upper bound on the quark mass. 65 Furthermore, there is no 
theoretical reason why one allowed value of the quark mass is more 
probable than any other. The inevitable conclusion that all values 
of the. quark mass from the lower bound up to infinity are equally 
probable leads to Eq. (34). 

It is very exciting if the quark is “just around the corner, ” 
i.e., if its &ass is just too high to be discovered by the present 
generation of accelerators but is waiting for the next one. But 
there is no theoretical justification for this optimism. Even if 
quarks are there, +here is no reason why their mass should not be 
at least two orders of magnitude higher than anything that can be 
produced at NAL. There are those’who argue that a negative re- 
sult of a particle search is significant because it can give new 
limits on the proper ties of the particle and may eventually lead to 
contradictions with theory. In the case of the quark, however, 
Eq. (34) gives the present limits on the quark mass and will not be 
appreciably affected by any negative result at NAL. 
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There will certainly be quark searches at NAL because it is 
very easy experimentally to look for particles with fractional charge. 
The, excitement if thty should be found certainly justifies the rela- 
tively small expenditure of money, manpower, and machine time, 
even if the probability of finding them is quite small and a negi-tive 
result proves nothing. 

With this general background in mind, it seems reasonable 
to classify the proposed searches according to the following four 
criteria. 

1. Who ne& it? 
2. If not found, so what ? Unfortunately most cases ran be 

dismissed with the conuTlent: “Try harder. ” That is, all that has 
been shown is that a particular experiment that has not found them 
is the wrong way to look for them. 

3. Craziness index. This indicates the degree of personal 
prejudice on the parh of the establishment against certain aspects of 
these particles-e. $. ) against fractional charge, imaginary mass, 
etc. Fractional charge is crazy because leptons have integral 
charge and behave like elementary Dirac particles to a precision 
(g - 2) greater than anything that can be said about strong inter- 
actions. This remarkable result is lost with a composite lepton 
model,zO and the suggestion that leptons have three times the funda- 
mental charge seems crazy. Particles with imaginary mass have 
space-like ,momenta. A tachyon produced by a beam hitting a tar- 
get will appear in a ‘different Lorentz frame to have been emitted 
from elsewhere before the experiment and to arrive at the target 
just in time to be absorbed at the exact instant at, which the beam 
hits it. This seems crazy enough to me. (A word of caution: 
Parity nonconservation and CP violation once had very high crazi- 
ness indices. ) 

4. Signatuk e . . If it is easy to verify that a particular 
particle is there (i.e., if it has a clear signature), it is much 
easier to look for “tt. 

Table I summarizes the various particles whose search has 
been suggested and lists their properties.ee All these searches are 
“long shots” and involve a certain element of gambling. The low 
probability of finting anything must be considered in the context of 
the size of the reward, the investment, and the possible spin-off. 
Broad exploratory searches, which also have the possibility of 
finding unexpected objects, should be encouraged. Remember that 
Columbus looked for India and found America and that Fermi- 
looked for transuranium elements and found fission. 
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TABLE I. Guide to inconclusive experiments and hypothetical particles. 

Who needs it? If not found, so what? Craziness index Signature 

n- 
MO (150)-5y 

Tachyone 

Quarks 

Monopoles 

Intermediate bosone 

Heavy leptons 

Partone 

Han-Nambu triplets 

Superheavy nuclei 

7 

I. PEDAGOGICAL EXAMPLES 

MGM & YN Kills SU(3) No 

Nobody, but why not? Nobody cares Not particularly 

IL: PROQOSED SEARCHES 121 NAl 

Nobody, but why not? 

Dalitz 

Dirac-Schwinger 

Yukawa 

No body, but why not 7 

Bjorken-Paachoe 

Dalitz might settle 
for these 

Nuclear physiciete 

Nobody cares. Try harder 

Try harder 

Try harder 

Try harder, but 
credibility falls 

Look elsewhere 
(spectroscopy) 

Ask Bjorken-Paechoe 

Try harder 

Try harder 

Very Good 

Fair Good (fractional charge) 

Moderately Good 

No Good 

No Good 

No 

Lees than quarks 

Good 

Missing maaa beat 

No Chemistry. Not clean 

III. THE REALLY EXCITING SEARCH 

Good 

Missing mass 

Nobody has thought 
of it 

It will be found; it’s 
there 

Who knows, the theorists have not 
thought of it yet 

W 
W 
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